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Abstract: The Jinchuan yak is a new yak population identified in Sichuan, China. This
population has a special anatomical characteristic: an additional pair of ribs compared with
other yak breeds. The genetic structure of this population is unknown. In the present study,
we investigated the maternal phylogeny of this special yak population using the
mitochondrial DNA variation. A total of 23 Jinchuan yaks were sequenced for a 823-bp
fragment of D-loop control region and three individuals were sequenced for the whole
mtDNA genome with a length of 16,371-bp. To compare with the data from other yaks, we
extracted sequence data from Genebank, including D-loop of 398 yaks (from 12 breeds)
and 55 wild yaks, and whole mitochondrial genomes of 53 yaks (from 12 breeds) and 21
wild yaks. A total of 127 haplotypes were defined, based on the D-loop data. Thirteen
haplotypes were defined from 23 mtDNA D-loop sequences of Jinchuan yaks, six of which
were shared only by Jinchuan, and one was shared by Jinchuan and wild yaks. The Jinquan
yaks were found to carry clades A and B from lineage I and clade C of lineage II,
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respectively. It was also suggested that the Jinchuan population has no distinct different
phylogenetic relationship in maternal inheritance with other breeds of yak. The highly
haplotype diversity of the Pali breed, Jinchuan population, Maiwa breed and Jiulong breed
suggested that the yak was first domesticated from wild yaks in the middle Himalayan
region and the northern Hengduan Mountains. The special anatomic characteristic that we
found in the Jinchuan population needs further studies based on nuclear data.

Keywords: Bos grunniens; Jinchuan yak population; mtDNA control region;
mitochondrial genome; genetic diversity; phylogeny

1. Introduction

The domestic yak (Bos grunniens) is the symbolic animal living in alpine climates (between 2000 to
5000 m) on the Qinghai-Tibetan Plateau (QTP) and adjacent highlands, such as Mongolia, Nepal,
Bhutan, India, Pakistan, Afghanistan and countries of the Commonwealth of Independent States [1,2].
Few other domesticated animals could survive in such an environment. Over 95% of the yaks all over
the world live in the QTP [2—4]. The yaks provide meat and milk, transportation, dung for fuel and
hides for shelter. There are two major yak breeds that live in the Sichuan province of China: the
valley-type Jiulong breed and the plateau grassland type Maiwa breed [2,3]. Recently, the Jinchuan
yaks were observed in Maori and Akeli Village of Jinchuan County in Sichuan province. This region
looks like an islet surrounded by high mountains and deep valleys (Figure 1). The geographic profile is
latitudinal (101°40'E to 101°41'E) and longitudinal (31°32'N to 31°34'N). Compared with the valley
type Jiulong breed and the plateau grassland type Maiwa breed, the Jinchuan yak has several special
characteristics. First, recent investigation showed that 52% of Jinchuan yak individuals have 15 pairs
of ribs while all other yaks have 14 pairs (Figure 2). Second, the reproductive rate of the Jinchuan yak
(95%) is significantly higher than that of other breeds (70%~75%). Third, the Jinchuan yaks provide a
better quality of milk and a higher yield of meat, and have a more powerful resistance to natural
pressures. However, little investigation has been undertaken on the genetics of this population.

Mitochondrial DNA (mtDNA) is maternally inherited and has been widely used in phylogenetic
studies. In particular, the control region D-loop has the highest genetic variation on mtDNA and has
been used to investigate the maternal phylogenetic relationships among mammals [5-10]. Tu et al.
analyzed D-loop region in 21 yaks using RFLP (Restriction Fragment Length Polymorphisms) and
identified four haplotypes [11]. Lai et al. found that the domestic yaks converged into two mainly
phylogeny groups, based on the DNA sequences of D-loop region and cytochrome b [12]. It was also
found that there was no geographical differentiation between these two phylogeny groups. Similar
results were observed in the other studies, based on mtDNA [13,14], blood protein electrophoresis [15],
or nuclear microsatellite alleles [16]. Whole mtDNA sequencing has been shown to be more powerful
in mammal phylogenetic studies than single gene, or region or nuclear genes [3,17-26].

In the present study, we will investigate the genetic diversity of a special yak population, Jinchuan
yak, and the phylogenetic relationship with other yak breeds using both control region and whole
mtDNA sequencing data.
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Figure 1. The distribution of Jinchuan yaks in Qinghai-Tibetan Plateau.

Figure 2. The skeleton of Jinchuan (a), Maiwa (b) and Jiulong (¢) yak. We can find 15 ribs
of one side in a, 14 ribs of one side in b and ¢.

2. Results and Discussion
2.1. Results

A fragment of 823 bp of the mtDNA control region was sequenced in 23 Jinchuan yaks. All of these
sequences have been deposited in GenBank with the Accession numbers from JQ811490 to JQ811512.
The whole mtDNA was sequenced in three Jinchuan yaks via six fragments, 2688 bp, 4190 bp,
3942 bp, 2798 bp, 3293 bp, and 3523 bp, respectively. The three assembled complete mtDNA
sequences were deposited in GenBank with the accession numbers from JQ846020 to JQ846022.
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Figure 3. Nucleotide variations of 127 haplotypes in 476 Bos grunniens individuals based

on mtDNA control regions. N in the right column listed the number of individuals sharing

the same haplotype. Mutations are scored relative to the reference sequence of Bison bison
(abbreviated as 1, Accession No. U12936). Numbers at the top of the figure indicate the
nucleotide sequence position. Dots denote identity with the reference sequence.
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120 G..A..ARAR TTAGT...C. AGC....AAT ......T... BurvuuCury LWCTC...C. AL..WCMCL. ....CI..T. ...AC.T.C. .ACC..T
121 ...k...ARA T..GT...C. TG.....RAT TC..GGT.A, G.A...CAT. ..C.....Ch A.T..ccC.c --G.CT..T. C..AC.TC.. ...C..T
122 ...A...AMA T..GT...C. TG.....AAT TC..GGT.A. G.A...CAT. ..C.....CA A.T..cCC.C --G.CT..T. ...RC.IC.. ...C..T
123 ...A...BAA T..GT.-.C. TG.....AAT IC..GGT... G.A...CAT. ..C...... A A.T..ccc.c --G.CT..T. ...RC.IC.. ...C..T
124 ...A...BAA T,.GT...C. TG..... BAT .C..GGT... G.A...CAT. ..C...... A A.T..cce.c --G.CT SRCIC.. LLWCT
125 ...A...ARA T..GT...C. TG..... BAT TC..G.T... G.A...CAT. ..C.....CA &,T..ccc.c +-G.CT..T. ...ACTC.. ...C..T
126 ...AT.AARA TTAGT...C. T.C...RRAT ...... T... Guvses Covn un CIC...C. A....C.C.. ++-RCT..T. LRCT... LRCL.
127 ...A...AAR T,.GT...T. .G.....RAT IC..GGT... G.A...CAT. ..C....TCR A.T..ccc.c --G.CT..T. . .ACLIC.. ...C..T
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2.1.1. Nucleotide and Haplotype Diversity

For the mtDNA control region, we also downloaded data of 398 yaks (from 12 breeds) and 55 wild
yaks from Genebank. Together with the control region sequence data from the 23 Jinchuan yak
individuals, a total of 476 sequences were obtained with 638 bp available on each sequence.
Substitution analyses of these 476 sequences revealed 97 variable sites (Figure 3) and the global
nucleotide diversity (Pi) was 0.01614 + 0.00069. In total, 127 haplotypes were identified with a
haplotype diversity (Hd) of 0.9280 + 0.0083 (Table 1). In the 23 Jinchuan yak individuals,
33 nucleotide variants were observed and 13 haplotypes were identified. Thirty-two haplotypes were
identified in the 55 wild individuals and only one haplotype was shared between Jinchuan and wild
yaks. The Jinchuan yaks showed higher genetic diversity (Pi = 0.02035 + 0.00225, Hd = 0.925 + 0.035)
than most other breeds including Tianzhu, Gannan, Datong, Huanhu, Plateau, Jali, Sibu, Pali, Maiwa,
Jiulong and Bazhou, but a somewhat smaller genetic diversity than the
(Pi=0.02210 £ 0.00385, Hd = 0.917 + 0.092) (Table 1).

Each of the mitochondrial genomic sequence was 16371 bp in length. For the 77 individuals
(Table 1), 378 variable sites were identified with a nucleotide diversity (Pi) of 0.00319 + 0.00027,
from which 68 haplotypes were defined with a haplotype diversity (Hd) of 0.9945 + 0.005.

Zhongdian yak

Table 1. Genetic diversity of Bos grunniens by Jinchuan population and other 12 domestic
breeds together with wild population.

Breed or population N H Hd + SD Pi + SD A B Ne
Jinchuan 23 13 0.925+0.035 0.02035+0.00225 3
Tianzhu 21 9 0.829+0.066 0.00997 + 0.00281 7 0.333333 4
Gannan 7 5 0905+0.103 0.01857=+0.00529 3 0.428571 7
Datong 31 19 0.942+0.030 0.01582+0.00271 13 0.419355 2
Huanhu 61 18 0.800+0.048 0.01218+0.00206 9 0.147541 5
Plateau 88 30 0.911+0.017 0.01393+0.00167 48 0.545455 14

Jiali 42 21 0912+0.031 0.01593 +£0.00222 21 0.500000 1
Sibu 12 8 0.909+0.065 0.01923 £0.00288 4 0.333333 2
Pali 40 19 0.933+0.021 0.01733 £0.00220 19 0.475000 4
Maiwa 23 14 0925+0.041 0.01856+0.00280 12 0.521739 6
Jiulong 12 8 0.924+0.057 0.01403 +£0.00477 5 0.416667 2
Bazhou 33 7 0.822+0.035 0.00579 +0.00039 21 0.636364 0
Zhongdian 9 7 0917+0.092 0.02210+0.00385 4 0.444444 1
wild 55 30 0.961+0.012 0.02207 £0.00111 9 0.163636 23
unclear 3
Gansu unclear 8
Sichuan unclear 5
Total 476 77

Note: N stands for the number of individuals; H stands for the number of haplotypes; Hd indicates the

haplotype diversity (Mean = SD) and Pi means the nucleotide diversity (Mean + SD). 4 stands for the number

of yaks that shared the same haplotype with the Jinchuan population in each breed, and B shows the

percentage of A in each breed. Nc indicates the number of individuals in each breed used for complete

mitochondrial genomic sequencing.
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The coding regions of complete mitochondrial sequences were also used for further analysis, and all
the 13 protein-coding genes were employed except the ND6 gene because of the significant codon
usage bias [14]. The initiation and termination codons and overlapping regions between ATP6 and
ATP8, ND4 and ND4L, and ND5 and ND6 were also excluded. The coding region of each
mitochondrial genomic sequence was 10,710 bp in length and contained 3570 codons. In this data set,
228 nucleotide substitutions were identified, with a nucleotide diversity (Pi) of 0.00270 + 0.00025 and
52 haplotypes were defined with a haplotype diversity (Hd) of 0.9450 + 0.021, and three of them
contain Jinchuan yak individuals.

2.2.2. Phylogenetic Analysis
2.2.2.1. Phylogeny Inferred from mtDNA Control Region

A neighbor-joining (NJ) tree based on the control region sequences showed that all the haplotypes
fell into two distinct lineages (Figure 4). Lineage I diverged into clade A, B, E and Lineage II into
clade C, D, F, G. Both lineages included the haplotypes of wild yak. The yak haplotypes were
distributed randomly in the six clades (Figure 4). The Jinchuan yaks were found in the clade of A, B
and C. Six Jinchuan haplotypes belonged to the clades of A and C. One haplotype in the clade of A
was shared between Jinchuan, wild and domestic yaks. Five haplotypes (three in clade A, one in clade
B and the other one in clade C) were shared between Jinchuan and other breeds of yak in the clade of
A, B and C. Another haplotype in the clade C was only shared between Jinchuan and wild yaks
(Table 2 and Figure 4).

Table 2. The number of individuals in each breed and wild population which shared the
haplotype with the Jinchuan population.

The number of individuals from
The haplotypes shared

Li Clad
meages ades by Jinchuan and other yaks

different populations harbored in

the haplotypes
4JC, 12D, 7PL, 2HH, 7TZ, 1GL, 19P,
H6 7BZ, 3SB, 11JL, 7DT, 3MW, 3JL,
Lineage A 6W, 25U
I H14. H18. H57 3JC, 6PL, SHH, 19P, 4BZ, 7JL, 4DT,
’ ’ MW, 2JL, 4GU
B H35 2JC, 1GL, 1P, 10BZ, 1JL
Lineage HS 5]C, 3ZD, 6PL, 2HH, 1GL, 9P, 1SB,
1 C 2JL, 2DT, 2MW, 1GU
H5 1JC, 4W

Note: JC-Jinchuan, ZD-Zhongdian, PL-Pali, HH-Huanhu, TZ-Tianzhu, GL-Ganlan, P-Plateau,
BZ-Bazhou, SB-Sibu, JL-Jiali, DT-Datong, MW-Maiwa, JL-Jiulong, W-Wild, SU-Sichuan unclear,

GU-Gansu unclear.
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Figure 4. Phylogenetic tree of Jinchuan population and other 12 domestic yak breeds,
together with a wild population basis of mtDNA control region constructed by
neighbor-joining and Bayesian analysis, rooted by a bison sequence. ® indicates the
haplotypes only found in the wild population; o indicates the haplotype shared by wild and
yaks excluding the Jinchuan population; m indicates the haplotypes only found in the
Jinchuan population; o indicate the haplotypes shared by the Jinchuan population and wild
yaks; V¥ indicates the haplotypes shared by the Jinchuan population and other 12 breeds;
% indicate the haplotypes shared by all yaks, including wild, the Jinchuan population and
other 12 breeds of yaks. The numbers at the nodes before the split means Bayesian
posterior probabilities and after the sprit indicate the bootstrap values for 1000 Kimura
two-parameter distance replications.
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For the mtDNA control region, the best model computed for Bayesian analysis was HKY + I + G,
with a proportion of invariable sites of 0.7105 and a gamma distribution shape parameter of 0.7505.
Bayesian analysis essentially produced the same topology as the previous analyses (NJ).

Median-joining network for the 128 haplotypes (including one bison haplotype) of mtDNA control
region also revealed that all haplotypes of yaks converged into two genetic lineages (I and II), which
diverged into seven clades (A-G) (Figure 5).

Figure 5. Median-joining network of haplotypes of the mtDNA control region for yaks and
bison. The larger circles represent haplotypes and their sizes proportional to the frequency
of individuals comprised. Mutational sites are shown on lines and median-joining sites
are indicated by smaller circles. Shaded rectangle-shaped areas indicate

phylogenetic lineages.

2.2.2.2. Phylogeny Inferred from Coding Regions of Mitochondrial Genomic Sequences

A neighbor-joining tree was constructed from the coding regions of mitochondrial genomic
sequences for all domestic breeds and wild yaks, together with Bos taurus and Bos primigenius, with
Bos indicus as the outgroup. All sequences again converged into two distinct lineages (Figure 6),
comprising five clades (A—E). The Jinchuan yak haplotypes are in clades A and C, and the Jinchuan-
specific haplotype belongs to clade C. One Jinchuan haplotype was located in clade A. This haplotype
was also observed in other yaks, including 1 Pali, 1 Huanhu, 2 Tianzhu, 3 Ganlan, 1 Plateau, 1 Jiali, 2
Datong, 2 Maiwa and 1 Jiulong individual, together with 1 wild yak. Another haplotype in clade C was
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shared only by 1 Jinchuan yak and 1 wild yak. In this study, the Bison was found to be more closely
related to yak than to other Bovid species. In addition, Bos faurus and Bos primigenius were clustered
into the same clade and indicated the most closely related phylogeny (Figure 6).

Figure 6. Phylogenetic tree of Jinchuan population and other 12 domestic yak breeds
together with wild population and three sequences from bison, Bos taurue and Bos
primigenous respectively, which is the basis of the coding region of complete
mitochondrial sequences constructed by neighbor-joining and Bayesian analysis, rooted by
a Bos indicus sequence. ® indicate the haplotypes only found in wild population; m indicate
the haplotypes only found in Jinchuan population; o indicate the haplotypes shared by
Jinchuan population and wild yaks; * indicate the haplotypes shared by all yaks including
wild and Jinchuan population and 12 other breeds of yak. The numbers at the nodes before
the split means Bayesian posterior probabilities and after the sprit indicate the bootstrap
values for 1000 Kimura two-parameter distance replications.
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Modeltest 3.7 showed that HKY+G was the best model computed for Bayesian analysis, with a
proportion of invariable sites of 0 and a gamma distribution shape parameter of 0.0860. Again,
Bayesian analysis produced approximately the same topology as the previous analyses (NJ).

2.2. Discussion

We presented the nucleotide and haplotype diversity of the yaks by breed instead of administrative
division [13,14], which may not represent the real environment conditions of each breed. The highest
haplotype diversity was observed in Datong yak, which is a hybrid of wild and domestic yaks. Among
those indigenous breeds, Pali, Jinchuan, Maiwa and Jiulong exhibited the highest haplotype diversity.
On the other hand, Zhongdian showed the highest nucleotide diversity followed by Jinchuan, Sibu,
Gannan and Maiwa. Both nucleotide and haplotype diversity indicated that the Pali, Jinchuan, Maiwa
and Jiulong showed more extensive genetic diversity than any other yak in China. This is because the
yaks with high haplotype diversity were distributed in the middle Himalayan region, and north of the
Hengduan Mountains. Guo et al. and Savolainen et al. showed that haplotype and nucleotide diversity
in the populations near to a center of initial origin was higher than in the populations derived through
subsequent migration colonization [13,27]. Based on the results in the present study, the yak was
probably first domesticated at these areas from wild yaks, and then extended north and west until the
yaks distributed throughout the QTP of western China. This does not agree with the prediction by
Wang et al. [14], that yaks were first domesticated in Qinghai and Tibet province in China.

Special anatomic characteristics were found in the Jinchuan population. Unfortunately, the analysis
of the phylogeny did not show distinct differences between Jinchuan and other breeds and wild yaks as
well. Nevertheless, six specific mtDNA haplotypes were observed among eight individuals. In addition,
one haplotype was shared by one Jinchuan yak individual and four wild yak individuals. Thus, it could
be hypothesized that the ancestor of the Jinchuan population in wild yaks before domestication was a
special group with similar characteristics to the Jinchuan population at that time, and then some of this
special group were caught and domesticated by the hunters. This hypothesis can be supported not only
by the mitochondrial control region sequences, but also by the mtDNA coding region sequence.

Here, we also employed coding regions of mtDNA from bison, Bos taurue and Bos primigenous
respectively to construct the phylogenetic tree. Tree topologies showed that yak have a closer
relationship with bison and a more distant relationship with two other bovid species: Bos taurus and
Bos primigenius. Therefore, we propose to include domestic and wild yak in a separate subgenus
Poephagus instead of the genus Bos [2,12].

3. Experimental Section
3.1. Sample Collection and DNA Extraction

Blood samples of 23 yaks (Jinchuan yak population) were collected from Reta village of Jinchuan
county, Sichuan province and taken back to the lab, and maintained at =70 °C. Genomic DNA was
extracted from blood using the standard extraction kit according to the manual of the TIANamp Blood
DNA Kit (Tiangen, Beijing, China).
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3.2. PCR Amplification and Sequencing

The fragment of the mtDNA control region of each sample was amplified by PCR using the primers
we designed from the mtDNA genome of Bos grunniens (GenBank Accession No. GQ464314):
F (5'-GTAAAGAGCCTCACCAGTAT-3") and R (5-GTCGGGAGACTCATCTAGGC-3"). PCR
amplifications were carried out in a 50 pL reaction mixture containing 200 ng of genomic DNA, each
primer (2 puL. of a 10 uM solution), dNTPs (4 pL of a 2.5 mM solution), 5 pL of 10x Ex Taq buffer and
0.4 uL of 5 U pL™' Ex Taq DNA polymerase (TaKaRa, Dalian, China).The PCR program, run in a
Mastercycler pro, Thermal Cyclers (Eppendorf, Hamburg, Germany), consisted of an initial denaturing
at 95 °C for 4min, followed by 35 cycles of 55 s at 95 °C, 55 s at 50 °C, 55 s at 72 °C, and a final
5 min extension at 72 °C. For complete mitochondrial sequencing, mitochondrial DNA fragments were
amplified using a long and accurate-polymerase chain reaction (LA-PCR) kit (Takara, Dalian, China)
and it was amplified using the primers and methods described by Wang et al. (2010) [14]. PCR
products were purified using an AxyPrepTM DNA Gel Extraction Kit (Axygen, Union City, CA,
USA) and sequenced on an ABI 3730x] automated sequencer at Invitrogen, Shanghai. Both strands of
the PCR products of the fragment of the mtDNA control region were completely sequenced. The
primers were used for sequencing complete mitochondrial data as shown in Table 3. All results were
assembled by the program DNAman and manually to a continuous sequence.

Table 3. Primers used for sequencing the complete mitochondrial genome.

PCR primer set Primer name Sequence(5'-3")
Ist pair Fl1 AAATGACGAAAGTGACCCTA
R1 TAGGGCTCCGATTAGTGCGT
F1F06 AGAAAGTACCGCAAGGGA
R1R06 ATGAGCGATAGAGTGATTTGAC
2nd pair F2 CCTACGTGATCTGAGTTCAG
R2 TGAGCCCATTGATGAGACAG
F2F08 CAAACATGGCTAATCCTCC
R2RO8 GGAGTAATAGTACGGCGGTG
F2F09 AACCCACGAGCTACAGAA
F2F10 CATCCTAATCCTCGCCACT
3rd pair F3 TCTACTATTTGGAGCCTGGG
R3 ACGAAATGTCAGTATCAGGC
F3F30 GAGCTATAATGTCAATCGGA
R3R30 TATTAAGAGGGCGGATAGAG
F3F31 TTTCAAGCCAACACCATAAC
4th pair F4 AAGCCCTTGACCCCTTACAG
R4 TCGTGTAAAGGAAGGTGAGA
F4F02 TTTGACTTTTCCTCTATGTTTC
R4R02 GAGTATTAGGAAGTTTAGGGATC
Sth pair F5 CAAACGGACCTAAAATCACT
R5 GTGTATTGCTAGGAATAGGC
F5F04 AATCTTCCAACTACCCGCTCTA

R5R04 AGTTATTGTAACTGGGTGGTCT
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Table 3. Cont.

PCR primer set Primer name Sequence(5'-3")
6th pair F6 AGAAAACCCTACGAAACCAA
R6 CTTTCATCGTTCCCTTGCGG
F6F06 CAGGCTCCAACAATCCAA
R6R0O6 ATCGGCTGTTGTAGGGTC
F6F08 GGGGATGCTTGGACTCAG
F6F07 TGTAAAGAGCCTCACCAGTA

3.3. Nucleotide and Haplotype Diversity

All the sequences of mtDNA control region and complete mitochondrial data from the Jinchuan
population and GenBank (Accession No. of 453 mtDNA control region sequences were FJ548840 to
FJ548845, GQ464116 to GQ464245, DQ856602 to DQ856604, DQ856594 to DQ856600, DQ138998
to DQ139260, DQ007210 to DQO007224, AYS521137 to AY521161, AY722118, AY749414,
AY374125, AF083355 and 74 complete mitochondrial sequences were GQ464246 to GQ464314,
NC 006380, EF494179, EF494178, EF494177, AY684273.) were aligned using the ClustalX
program [28]. Nucleotide variable sites of nucleotide substitution were explored by MEGA Version
4.0 [29]. Nucleotide diversity (Pi) and haplotype diversity (Hd) for all yaks were performed in DnaSP
Version 5.0 [30].

3.4. Phylogenetic Analysis

Neighbor-joining (NJ) trees [31,32] of all the haplotypes for mtDNA control region and complete
mitochondrial were constructed based on a Kimura 2-parameter model in MEGA Version 4.0, with the
reliability of the tree topology assessed by 1000 replications. Bootstrap consensus tree was selected
with hidden values lower than 50%.

The Bayesian analyses were also carried out for phylogenetic analyses. The program Modeltest [33]
was utilized to find the model of sequence evolution that best fit data set by the hierarchical likelihood
ratio test (hRLTs), though the Bayesian information criterion (BIC) proved to be best for model
selection [34], in order to compare the result of phylogenetic inference with Wang et al. (2010), we
still use hRLTs for model selection [14]. The best suggested model was subsequently used for
Bayesian analysis in MrBayes 3.1 [35]. The tree-space was explored by four chains over 10 million
generations with a sampling frequency of every 1000th generation. Independent runs were considered
converged with a standard deviation of split frequencies of lower than 0.01 and potential scale
reduction factor (PSRF) of 1.0 for all parameters. We obtained 10,000 trees, fixing the burn-in value at
25%. The first 2.5 million generations of both runs were discarded as burn in, and the remaining
7.5 million generations (7500 trees) were summarized in a 50% majority rule consensus tree.

Median-joining network [36] was constructed using Network 4.6 (www.fluxus-engineering.com) to
investigate the possible relationships among haplotypes of mtDNA control region.
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4. Conclusions

In summary, we observed six haplotypes in the Jinchuan population, but not in any of the other yak
breeds or wild yaks. However, phylogenetic analyses did not distinguish Jinchuan from other breeds.
The highly haplotype and nucleotide diversity of yaks in the Jinchuan population and breeds of Pali,
Maiwa and Jiulong suggest that yak were perhaps first domesticated from wild yaks in the middle
Himalayan region and north of the Hengduan Mountains. The special anatomic characteristic that we
found in the Jinchuan population needs to be further studied, based on nuclear data.

Acknowledgments

This work was supported by the grants from State Science and Technology Support Program
(2012BAD13B06), Application Foundation of Sichuan Province (2010JY0071), Project for
Technology Supporting of Sichuan Province (2011FZ0054) and Project for Graduate Student Degree
Program Supporting of Southwest University for Nationalities (201 1XWD-S071012).

References

1. Miller, D.J.; Harris, R.B.; Cai, C.Q. Wild yak and Their Conservation in the Tibetan Plateau.
In Proceedings of the First International Congress on Yak, Lanzhou, China, 1-6 August 1994;
Southwest University for Nationalities: Chengdu, China, 1994.

2.  Wiener, G.; Han, J.L.; Long, R.J. The Yak, 2nd ed.; Regional Office for Asia and the Pacific,
Food and Agriculture Organization of the United Nations: Bangkok, Thailand, 2003.

3. Gu, Z.; Zhao, X.; Li, N.; Wu, C. Complete sequence of the yak (Bos grunniens) mitochondrial
genome and its evolutionary relationship with other ruminants. Mol. Phylogenet. Evol. 2007, 42,
248-255.

4. He, A.X,; Li, L. Study on the Relation between Yak Performance and Ecological Protection. In
Proceedings of the Fourth International Congress on Yak, Chengdu, China, 9-26 September 2004.

5. Luikart, G.; Gielly, L.; Excoffier, L.; Vigne, J.D.; Bouvet, J.; Taberlet, P. Multiple maternal
origins and weak phylogeographic structure in domestic goats. Proc. Natl. Acad. Sci. USA 2001,
98, 5927-5932.

6. Pedrosa, S.; Uzun, M.; Arranz, J.J.; Gutierrez-Gil, B.; San Primitivo, F.; Bayon, Y. Evidence of
three maternal lineages in Near Eastern sheep supporting multiple domestication events.
Proc. Biol. Sci. 2005, 272, 2211-2217.

7. Achilli, A.; Bonfiglio, S.; Olivieri, A.; Malusa, A.; Pala, M.; Kashani, B.H.; Perego, U.A.;
Ajmone-Marsan, P.; Liotta, L.; Semino, O.; et al. The multifaceted origin of taurine cattle
reflected by the mitochondrial genome. PLoS One 2009, 4, ¢5753.

8. Cai, X.; Chen, H.; Lei, C. Matrilineal genetic inter-introgression of Bos taurus and Bos indicus in
China. Livest. Sci. 2010, 128, 12—19.

9. Chen, S.; Lin, B.Z.; Baig, M.; Mitra, B.; Lopes, R.J.; Santos, A.M.; Magee, D.A.; Azevedo, M.;
Tarroso, P.; Sasazaki, S.; ef al. Zebu cattle are an exclusive legacy of the South Asia neolithic.
Mol. Biol. Evol. 2010, 27, 1-6.



Int. J. Mol. Sci. 2012, 13 11469

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Lai, S.J.; Liu, Y.P.; Liu, Y.X.; Li, X.W.; Yao, Y.G. Genetic diversity and origin of Chinese cattle
revealed by mtDNA D-loop sequence variation. Mol. Phylogenet. Evol. 2006, 38, 146—154.

Tu, Z.C.; Qiu, H.; Zhang, Y.P. Polymorphism in mitochondrial DNA (mtDNA) of yak
(Bos grunniens). Biochem. Genet. 2002, 40, 187—-193.

Lai, S.J.; Chen, S.Y.; Liu, Y.P.; Yao, Y.G. Mitochondrial DNA sequence diversity and origin of
Chinese domestic yak. Anim. Genet. 2007, 38, 77-80.

Guo, S.; Savolainen, P.; Su, J.; Zhang, Q.; Qi, D.; Zhou, J.; Zhong, Y.; Zhao, X.; Liu, J.
Origin of mitochondrial DNA diversity of domestic yaks. BMC Evol. Biol. 2006, 6,
doi:10.1186/1471-2148-6-73.

Wang, Z.; Shen, X.; Liu, B.; Su, J.; Yonezawa, T.; Yu, Y.; Guo, S.; Ho, S.Y.W.; Vila, C;
Hasegawa, M.; et al. Phylogeographical analyses of domestic and wild yaks based on
mitochondrial DNA: New data and reappraisal. J. Biogeogr. 2010, 37, 2332-2344.

Tu, Z.C.; Zhang, Y.P.; Qiu, H. Genetic diversity and divergence in Chinese yak (Bos grunniens)
populations inferred from blood protein electrophoresis. Biochem. Genet. 1997, 35, 13—16.

Zhang, G.X.; Chen, W.S.; Xue, M.; Wang, Z.G.; Chang, H.; Han, X.; Liao, X.J.; Wang, D.L.
Analysis of genetic diversity and population structure of Chinese yak breeds (Bos grunniens)
using microsatellite markers. J. Genet. Genomics 2008, 35, 233-238.

Anderson, S.; Bankier, A.T.; Barrell, B.G.; de Bruijn, M.H.; Coulson, A.R.; Drouin, J.; Eperon, I.C.;
Nierlich, D.P.; Roe, B.A.; Sanger, F.; et al. Sequence and organization of the human
mitochondrial genome. Nature 1981, 290, 457-465.

Anderson, S.; de Bruijn, M.H.; Coulson, A.R.; Eperon, 1.C.; Sanger, F.; Young, [.G. Complete
sequence of bovine mitochondrial DNA. Conserved features of the mammalian mitochondrial
genome. J. Mol. Biol. 1982, 156, 683-717.

Arnason, U.; Gullberg, A.; Widegren, B. The complete nucleotide sequence of the mitochondrial
DNA of the fin whale, Balaenoptera physalus. J. Mol. Evol. 1991, 33, 556—568.

Arnason, U.; Johnsson, E. The complete mitochondrial DNA sequence of the harbor seal,
Phoca vitulina. J. Mol. Evol. 1992, 34, 493-505.

Xu, X.; Arnason, U. The complete mitochondrial DNA sequence of the horse, Equus caballus:
Extensive heteroplasmy of the control region. Gene 1994, 148, 357-362.

Xu, X.; Gullberg, A.; Arnason, U. The complete mitochondrial DNA (mtDNA) of the donkey and
mtDNA comparisons among four closely related mammalian species-pairs. J. Mol. Evol. 1996,
43, 438-446.

Gissi, C.; Gullberg, A.; Arnason, U. The complete mitochondrial DNA sequence of the rabbit,
Oryctolagus cuniculus. Genomics 1998, 50, 161-169.

Hiendleder, S.; Lewalski, H.; Wassmuth, R.; Janke, A. The complete mitochondrial DNA
sequence of the domestic sheep (Ovis aries) and comparison with the other major ovine
haplotype. J. Mol. Evol. 1998, 47, 441-448.

Lin, C.S.; Sun, Y.L.; Liu, C.Y.; Yang, P.C.; Chang, L.C.; Cheng, 1.C.; Mao, S.J.; Huang, M.C.
Complete nucleotide sequence of pig (Sus scrofa) mitochondrial genome and dating evolutionary
divergence within Artiodactyla. Gene 1999, 236, 107-114.



Int. J. Mol. Sci. 2012, 13 11470

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Nishibori, M.; Hanazono, M.; Yamamoto, Y.; Tsudzuki, M.; Yasue, H. Complete nucleotide
sequence of mitochondrial DNA in White Leghorn and White Plymouth Rock chickens. Anim.
Sci. J. 2003, 74, 437-439.

Savolainen, P.; Zhang, Y.P.; Luo, J.; Lundeberg, J.; Leitner, T. Genetic evidence for an East
Asian origin of domestic dogs. Science 2002, 298, 1610-1613.

Thompson, J.D.; Gibson, T.J.; Plewniak, F.; Jeanmougin, F.; Higgins, D.G. The CLUSTAL X
windows interface: Flexible strategies for multiple sequence alignment aided by quality analysis
tools. Nucleic Acids Res. 1997, 25, 4876-4882.

Tamura, K.; Dudley, J.; Nei, M.; Kumar, S. MEGA4: Molecular evolutionary genetics analysis
(MEGA) software version 4.0. Mol. Biol. Evol. 2007, 24, 1596—1599.

Librado, P.; Rozas, J. DnaSP v5: A software for comprehensive analysis of DNA polymorphism
data. Bioinformatics 2009, 25, 1451-1452.

Saitou, N.; Nei, M. The neighbor-joining method: A new method for reconstructing phylogenetic
trees. Mol. Biol. Evol. 1987, 4, 406-425.

Tamura, K.; Nei, M.; Kumar, S. Prospects for inferring very large phylogenies by using the
neighbor-joining method. Proc. Natl. Acad. Sci. USA 2004, 101, 11030-11035.

Posada, D.; Crandall, K.A. MODELTEST: Testing the model of DNA substitution.
Bioinformatics 1998, 14, 817-818.

Luo, A.; Qiao, H.; Zhang, Y.; Shi, W.; Ho, S.Y.W.; Xu, W.; Zhang, A.; Zhu, C. Performance of
criteria for selecting evolutionary models in phylogenetics: A comprehensive study based on
simulated datasets. BMC Evol. Biol. 2010, 10, doi:10.1186/1471-2148-10-242.

Ronquist, F.; Huelsenbeck, J.P. MrBayes 3: Bayesian phylogenetic inference under mixed
models. Bioinformatics 2003, 19, 1572—-1574.

Bandelt, H.J.; Forster, P.; Rohl, A. Median-joining networks for inferring intraspecific
phylogenies. Mol. Biol. Evol. 1999, 16, 37-48.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



